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The ritial dynamis of superondutors in the harged regime is reonsidered within eld-theory. For the
dynamis the Ginzburg-Landau model with omplex order parameter oupled to the gauge eld suggested
earlier [Lannert et al. Phys. Rev. Lett. 92, 097004 (2004)℄ is used. Assuming relaxational dynamis for both
quantities the renormalization group funtions within one loop approximation are realulated for dierent
hoies of the gauge. A gauge independent result for the divergene of the measurable eletri ondutivity
is obtained only at the weak saling xed point unstable in one loop order where the time sales of the order
parameter and the gauge eld are dierent.
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1. Introdution
The nature of the stati phase transition in superondutors was an open question for deades,
sine due to the large orrelation length of existing superonduting materials the eet of ritial
utuations was hard to observe in the viinity of the ritial temperature Tc. Moreover it was
unlear if the phase transition is of rst or seond order and, if it is of seond order, to whih
universality lass the transition belongs. The appearane of high-Tc superonduting ompounds
with short orrelation lengths [ 1℄ made the ritial region of superondutors experimentally
aessible. In turn this leads to omparison of the experiment with analytial results in order to
establish the ritial properties of superondutors and their universality lass.
From the theoretial point of view the stati ritial properties are now well understood. The
theoretial model for the desription of the stati ritial properties was formulated in [ 2℄ and
ontains, besides the two omponent (n = 2) order parameter (OP) and its fourth order interation
term, a minimal oupling to a gauge eld (GF) due to the harged harater of the OP (marosopi
wave funtion of the Cooper pair). The oupling of the OP to the GF introdues an essential
dierene to the superuid phase transition, where the OP is unharged.
While for type-I superondutors utuation eets are weak and a mean-eld analysis an be
applied, the situation with type-II superondutors is more ompliated, sine here utuations of
the OP annot be negleted. The rst renormalization group (RG) analysis in one-loop approxi-
mation [ 2℄ lead to the onlusion that a stable xed point (FP) and therefore a seond order phase
transition only exists for OP dimensions n larger than 365.9. For OP dimension n = 2 no stable
FP was found and the runaway solution was interpreted as a weak rst order phase transition. A
two loop order alulation of the renormalization group equations within eld theory indiated the
possibility of a ontinuous phase transition for n = 2 [ 3℄ if ertain resummations are performed.
This has been investigated further and led to the following piture [ 4℄: There are four FPs, two
unharged ones known from the standard Ginzburg-Landau-Wilson (GLW) model and two harged
ones. Depending on the initial (bakground) onditions for the ow of the fourth order oupling
and the oupling to the harge (dening the value of the Ginzburg parameter κ) one obtains a
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runaway ow or the ow reahes the stable harged FP. The other harged FP is reahed starting
on the separatrix (dened by κ = κc) separating the attration region of the harged FP from the
runaway region. Physially this FP reahed on the separatrix desribes triritial behavior indi-
ating that a triritial point separates the rst order transition of the superondutors of type I
from the seond order transition for superondutors of type II. Results of duality arguments [ 7℄
and Monte Carlo alulations [ 8℄ are in agreement with this piture, whih is also supported by
experiment [ 9, 10℄.
An important question in alulating ritial properties like the ritial exponents is their
dependene on the gauge used for the GF. Physially observable quantities should be independent
of the spei gauge used. This has been shown in one loop order [ 5℄. However non observable
quantities might depend on the gauge. Thus the ritial exponents ν or α of the penetration length
λ (proportional to the orrelation length ξ of the OP orrelation funtion at the harged FP) and
the spei heat respetively should be independent of gauge, whereas the ritial exponent of the
stati OP orrelation funtion turns out to be gauge dependent [ 6℄.
The issue of dynamial ritial properties was less studied. Experimental investigations give no
onsistent piture of the dynamial ritial exponent z (for referenes see Ref. [ 11℄) obtained from
measurements of the eletrial ondutivity. The values of the dynamial ritial exponents found
vary between 1.5 and 2.3.
Theoretial preditions of z are mainly based on using the results of known universality lasses
(model A, C, E or model F, for a review see [ 12℄). Model A is the simplest model assuming a
relaxation equation for the OP without oupling to other onserved densities, whereas model C
ontains a oupling to a diusion equation for a onserved density (only relevant if the spei heat
is diverging). Models E and F dene the universality lass of the ritial dynamis of the superuid
transition in
4
He. Dynami equations from the vortex-loop model [ 13, 14℄ indiate a relation to
that universality lass. So far no systemati derivation of dynamial equations with mode oupling
terms derived from Poisson braket relations using for instane methods desribed in [ 15℄ has been
performed.
Monte Carlo simulations [ 13℄ in the limiting ases of large and small values of the Ginzburg
parameter found values of the dynamial exponent of 2.7 and 1.5 respetively. Using the vortex
model [ 11℄ for the superonduting transition the dynami ritial exponent has been alulated
analytially in the two limits mentioned above. The resulting exponents were 5/2 and 3/2 respe-
tively and they were related to the dynami exponents obtained in simulations. A disussion [ 16℄
arised on the reason of the deviation of the Monte Carlo results from the expeted value of model
A, whih would lead to a dynamial exponent of roughly 2. Reently in Ref. [ 14℄ for extreme type
II superondutors, where the unharged FP desribes the stati behavior, it was argued using
saling and duality arguments that z = 3/2 exatly.
A onrete dynamial model dened by equations of motion for the OP and the GF has been
presented in Ref. [ 17℄. Both equations are of relaxational harater and the essential parameter is
the ratio w = Γψ/ΓA of the kineti oeients Γψ of the OP and ΓA of the GF. A dynami FP, w
⋆
nite, implying strong saling with a ommon dynamial ritial exponent z for the OP and the
GF in the Feynman gauge (one adds a quadrati term in the divergene of the GF to the stati
funtional) has been found in one loop order. However the question of the gauge dependene of
the dynamial exponents was not addressed in Ref. [ 17℄.
Another important issue not onsidered so far in the disussion of the dynamial ritial behav-
ior onerns the time sales entering the problem. One has to disriminate between the time sale
for the OP and its dynami ritial exponent zψ and the time sale of the GF and its dynami
ritial exponent zA. They are dened by the harateristi frequenies of the dynami orrelation
funtions for the OP and the GF respetively
ωψ ∼ k
zψgψ(kξ) ωA ∼ k
zAgA(kξ) . (1)
gψ and gA are saling funtions whih are nite and nonzero at the superuid transition Tc.
The dynami ritial exponents are dierent [ 18℄ if weak saling holds otherwise one says
the dynami orrelation funtions obey strong saling. So far in the disussion the last ase was
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assumed. Even if for the unharged FP the dynamis would be in the universality lass of model
E, it is the weak saling FP whih is stable [ 19℄.
Only one of these dynamial exponents is observable namely zA entering the frequeny depen-
dent diverging eletri ondutivity
σ(ξ, k = 0, ω) ∼ ξ(zA−2+ηA), (2)
ηA = 4−d is the anomalous dimension of the GF independent of the gauge [ 20℄. This implies that
the dynamial ritial exponent zA has to be gauge independent. No suh ondition holds for zψ.
If therefore it turns out that zψ is gauge dependent strong saling annot hold.
In this paper we apply the eld-theoretial RG approah in the minimal subtration sheme and
dimensional regularization to the dynamial model of Ref. [ 17℄ in order to investigate the gauge
dependene of the ritial dynamis. It turns out that the dynamial exponent zψ of the OP is gauge
dependent and a gauge independent value for zA is only obtained in the weak saling FP w
⋆ →∞,
whih however has been found unstable. Therefore one has to question the physial relevane of
the one loop result. This goes together with the problems in statis of the Ginzburg-Landau model
at the one loop order level.
2. Model
Stati ritial properties of harged superondutors in d dimensional spae are desribed by
the Abelian Higgs model with the stati funtional [ 2℄:
H =
∫
ddx
{1
2
r˚|~ψ0|
2 +
1
2
n/2∑
i=1
|(∇− i˚eA0)ψ0,i|
2 +
u˚
4!
(|~ψ0|
2)2 +
1
2
(∇×A0)
2
}
. (3)
with the omplex n-omponent OP ~ψ0 (generalized to n/2-omponents, the superondutor being
the ase n = 2) and the d-dimensional GF A0. The bare parameter r˚ is proportional to the distane
from Tc and the bare oupling e˚ is the eetive harge. u˚ is the usual fourth order OP oupling.
In all subsequent alulations we add to the stati funtional the ontribution
H = −
1
2ς˚
(∇ ·A0), (4)
whih allows to hoose the gauge. In the limit ς˚ → 0 the Landau gauge is reovered, while for
system with ς˚ → 1 the Feynman gauge is ahieved.
The OP and the GF are nononserved quantities thus their dynamial behavior may be de-
sribed by relaxation equations. Suh a set of equations of motion has been suggested [ 17℄:
∂ψ0,i
∂t
= −2Γ˚ψ
δH
δψ+0,i
+ θi;
∂ψ+0,i
∂t
= −2Γ˚ψ
δH
δψ0,i
+ θ+i ; (5)
∂A0,α
∂t
= −Γ˚A
δH
δA0,α
+ θα.
The OP relaxes with the kineti oeient Γψ while the GF relaxes with the kineti oeient
ΓA. The stohasti fores in (5) are related to the kineti oeients and satisfy the relations:
< θi(x, t)θ
+
j (x
′, t′) > = 4Γ˚ψδ(x− x
′)δ(t− t′)δij ,
< θi(x, t) > = 0, (6)
< θα(x, t)θβ(x
′, t′) > = 2Γ˚Aδ(x− x
′)δ(t− t′)δαβ ,
< θα(x, t) > = 0 .
3
M. Dudka R. Folk G. Moser
The indies i, j adopt the values 1, . . . , n/2, while the indies α, β adopt the values 1, . . . , d.
As it was pointed out in Ref. [ 17℄ the equation for the GF in (5) an be derived from Maxwell's
equations in their low-frequeny form. In this ase the inverse transverse oeient Γ˚−1A for the
GF an be identied with the bare normal eletrial ondutivity.
We study this ritial dynamis by applying the Baush-Janssen-Wagner approah [ 21℄ of
dynamial eld-theoretial RG. In this approah, the ritial behavior is onsidered on the basis
of long-distane and long-time properties of the Lagrangian inorporating the features dened by
the dynamial equations of the model. In order to keep the powers in the interation terms low
an auxiliary OP density
~˜ψ and an auxiliary GF A˜ have been introdued. The dynami equations
dened by (3)-(6) are then desribed by the unrenormalized Lagrangian L = L0 + L1 separated
into a Gaussian part
L0 =
∫
ddxdt
[
− 4Γ˚ψ
n/2∑
i=1
ψ˜+0,iψ˜0,i − 2Γ˚AA˜
2
0 +
n/2∑
i=1
ψ˜+0,i
(
∂
∂t
+ Γ˚ψ (˚r −∆)
)
ψ0,i +
n/2∑
i=1
ψ˜0,i
(
∂
∂t
+Γ˚ψ (˚r−∆)
)
ψ+0,i + A˜0 ·
(
∂A0
∂t
+ Γ˚A
(
∇(1 −
1
ς˚
)(∇ ·A0)−∆A0
))]
, (7)
and an interation part
L1 =
∫
ddxdt
[
Γ˚ψ
u˚
3!
|ψ|2
n/2∑
i=1
(ψ˜+0,iψ0,i + ψ˜0,iψ
+
0,i) + 2Γ˚ψ i˚eA0 ·
n/2∑
i=1
(ψ˜+0,i∇ψ0,i − ψ˜0,i∇ψ
+
0,i) +
+Γ˚ψ i˚e(∇ ·A0)
n/2∑
i=1
(ψ˜+0,iψ0,i − ψ˜0,iψ
+
0,i) + Γ˚A
1
2
i˚eA˜0 ·
n/2∑
i=1
(ψ0,i∇ψ
+
0,i − ψ
+
0,i∇ψ0,i) +
Γ˚ψ e˚
2
A
2
0
n/2∑
i=1
(ψ˜+0,iψ0,i + ψ˜0,iψ
+
0,i) + Γ˚Ae˚
2
A˜0 ·A0|ψ|
2
]
. (8)
3. Perturbative expansion and renormalization
3.1. Vertex funtions
In order to proeed the vertex funtions for the OP and the GF are alulated in one loop
expansion. We keep the general struture of the two point vertex funtions [ 12℄ and separate the
stati ontributions. The alulation leads to the following general form of the OP vertex funtion
Γ˚ψψ˜+ = −iωΩ˚ψψ˜+ + 2Γ˚ψΓ˚
st
ψψ+ . (9)
In one loop order the dynamial OP funtion Ω˚
ψψ˜+
reads
Ω˚ψψ˜+ = 1 + 4˚e
2Γ˚ψ
∫
1
(r+(k+k′)2)k′2(−iω+Γ˚ψ (˚r+(k+k′)2) + Γ˚Ak′2)
(
k2 −
(kk′)2
k′2
)
+e˚2Γ˚ψ ς˚
∫
1
(˚r+(k+k′)2)k′2(−iως˚+ς˚Γ˚ψ(r+(k+k′)2)+Γ˚Ak′2)
(
((2k+k′)k′)2
k′2
)
, (10)
whereas the stati OP vertex funtion is given by
Γ˚stψψ+ =
1
2
{
r˚ + k2+
n+ 2
6
u˚
∫
1
(˚r + k′2)
+e˚2(d− 1 + ς˚)
∫
1
k′2
−
4˚e2
∫
1
(r + (k + k′)2)k′2
(
k2 −
(kk′)2
k′2
+ς˚
((2k + k′)k′)2
k′2
)}
. (11)
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The same general struture holds for the GF vertex funtion
Γ˚αβ
AA˜
= −iωΩ˚αβ
AA˜
+ Γ˚AΓ˚
st αβ
AA , (12)
with the one loop expression
Ω˚αβ
AA˜
= δαβ + Γ˚A
n
2
∫
(k + 2k′)α(k + 2k′)β
(˚r + k′2)(˚r + (k+k′)2)[−iω + Γ˚ψ (˚r + k′2) + Γ˚ψ(r + (k+k′)2)]
, (13)
for the dynami GF funtion and
Γ˚st αβAA = k
2
(
δαβ −
kαkβ
k2
+
1
ς˚
kαkβ
k2
)
+ ne˚2
∫
1
r˚ + k′2
(
δαβ −
1
2
(k + 2k′)α(k + 2k′)β
r˚ + (k + k′)2
)
, (14)
for the GF stati vertex funtion.
3.2. Renormalization and eld theoreti funtions
In order to get nite results we perform the renormalization within the minimal subtration
sheme introduing renormalization fators leading to the renormalized parameters. The renormal-
ization fators of the GLW part of the stati funtional are introdued as usual
ψ0,i = Z
1/2
ψ ψi, r˚ − r˚c = Z
−1
ψ Zrr , u˚ = κ
εA−1d ZuZ
−2
ψ u , (15)
where the shift of the phase transition temperature r˚c has been taken into aount. κ represents
the free wave vetor sale and ε = 4− d. We also introdued the usual geometri fator
Ad = Γ
(
1−
ǫ
2
)
Γ
(
1 +
ǫ
2
) Ωd
(2π)d
,
where Ωd is the surfae of the d-dimensional unit sphere. The additional renormalization fators
due to the presene of the GF and its oupling to the OP are introdued as
A0,α = Z
1/2
A Aα, e˚
2 = κεA−1d Ze2Z
−1
ψ Z
−1
A e
2 , ς˚ = Z−1ς ZAς . (16)
From Ward identities one derives the relations [ 5℄
Ze2 = Zψ, Zς = 1 . (17)
whih show that only one additional (for the GF) renormalization onstant with respet to the
GLW model appears.
In dynamis two additional renormalization fators are needed whih are
ψ˜0,i = Z
1/2
ψ˜
ψ˜i, A˜0,α = Z
1/2
A˜
A˜α . (18)
For the kineti oeients no new fators are neessary
Γ˚ψ = ZΓψΓψ = Z
1/2
ψ Z
−1/2
ψ˜
Γψ, (19)
Γ˚A = ZΓAΓA = Z
1/2
A Z
−1/2
A˜
ΓA, (20)
where the seond relations are due to the struture of the vertex funtions (see (9) and (12)).
The renormalization fators alulated in one loop order for the statis are
Zψ = 1 + (3 − ς)
e2
ε
, ZA = 1− n
e2
6ε
, (21)
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Zr = 1 +
n+ 2
6
u
ε
− ς
e2
ε
, Zu = 1 +
n+ 8
6
u
ε
+
18
u
e4
ε
− 2ς
e2
ε
, (22)
as presented in [ 3℄. The dynami renormalization fators are
Zψ˜ = 1− (3− ς)
e2
ε
− 2
e2ς
ε
w
1 + w
, (23)
ZA˜ = 1 + n
e2
2ε
(
1
3
−
1
w
)
, (24)
where we have introdued the time sale ratio
w =
Γψ
ΓA
, (25)
whose FP value w⋆ determines if strong (w⋆ 6= 0 or ∞) or weak saling (w⋆ = 0 or ∞) holds.
From the Z-fators one obtains the ζ-funtions leading to the β-funtions whih determine the
FPs. The ritial exponents desribing the ritial properties are then expressed by the values of
the ζ-funtions at the stable FPs. We use the unied denition
ζa({α}, ς) = −
d lnZa
d lnκ
. (26)
for all ζ-funtions, where a denotes either any model parameter {α} = {u, e2,Γψ,ΓA, w} or any
density ψ, ψ˜, A, A˜. The stati ζ-funtions following from (21) and (22) read
ζψ = (3− ς)e
2 , ζA = −n
e2
6
, (27)
ζr =
n+ 2
6
u− ςe2 , ζe2 = (3 − ς)e
2 , (28)
ζu =
n+ 8
6
u− 2ςe2 + 18
e4
u
. (29)
The ζ-funtion of the gauge parameter follows from (16) and (17) as ζς = 0. The dynami ζ-
funtions follow from (23). They are
ζψ˜ = −(3− ς)e
2 − 2e2ς
w
1 + w
, ζA˜ = n
e2
2
(
1
3
−
1
w
)
, (30)
and the ζ-funtions for the kineti oeients are obtained from the above relations (19) and (20)
ζΓψ =
1
2
(ζψ − ζψ˜), ζΓA =
1
2
(ζA − ζA˜). (31)
Inserting the one loop results (30) they read
ζΓψ = e
2
(
3−
ς
1 + w
)
, ζΓA = −n
e2
2
(
1
3
−
1
2w
)
. (32)
Aording to Eqs. (25) and (31), the ζ-funtion of the time sale ratio w is then found as
ζw = ζΓψ − ζΓA = e
2
(
3−
ς
1 + w
+
n
2
(
1
3
−
1
2w
))
. (33)
4. Fixed points and exponents
The behavior of the model parameters under renormalization is desribed by the ow equations
ℓ
dαi
dℓ
= βαi({α}, ς) , (34)
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where the right hand sides of the equations are determined by appropriate β-funtions (the index
i runs over the set of parameters). The β-funtions are generally dened as
βαi({αi}, ς) = αi [−ci − piζψ − qiζA + ζαi ] , (35)
The oeients ci, pi and qi follow from the general renormalization of αi as used above
α˚i = κ
ciA
−(pi+qi)/2
d Z
−pi
ψ Z
−qi
A Zαiαi . (36)
The FPs {α⋆} are dened by the zeros of the right hand sides of Eqs. (34). A FP is stable if all
stability exponents ωi are positive. The stability exponents ωi are dened by the eigenvalues of the
matrix ∂βαi/∂αj|{α}={α⋆}.
4.1. Statis
The one-loop stati β-funtions appear to be independent from the gauge determined by the
parameter ς and are the same as in Ref. [ 2℄.
βu =
(
−εu− 6e2u+
n+ 8
6
u2 + 18e4
)
, βe2 = e
2
(
−ε+
n
6
e2
)
. (37)
These β-funtions have four FPs: (i) the Gaussian FP with u⋆ = e⋆2 = 0, (ii) the FP of the
unharged XY-model (u⋆ = 6ε/(n + 8), e⋆ = 0), (iii) the triritial FP with u⋆ = 0, e⋆2 = 6ε/n
and (iv) the harged FP with both ouplings u⋆ 6= 0 and e⋆2 = 6ε/n nonzero. In one loop order
the harged FP exists only for n > 365.9 [ 2℄. However in higher loop order and using summation
proedures a harged FP is also found for n = 2 [ 22℄. In one loop order for n < 365.9 starting
with e2 6= 0 and u 6= 0 the ow esapes to e2 → e⋆2 and u→∞.
Critial exponents are alulated at the stable aessible FP. Expressions for the orrelation
length ritial exponent ν, the spei heat exponent α and the pair orrelation funtion ritial
exponent η are as follows:
ν−1 = 2− ζr(u
⋆, e⋆, ς) + ζψ(u
⋆, e⋆, ς) = 2−
n+ 2
6
u⋆ + 3e⋆2; (38)
α = 2− dν; (39)
η = ζψ(u
⋆, e⋆, ς) = (3− ς)e⋆2. (40)
All other stati ritial exponents may be found from saling relations. Sine the FP values u⋆
and e⋆ are gauge independent this is also valid for ν and α although the gauge ς appears in the
ζ-funtions Eq. (38) expliitly. In ontrast this dependene on the gauge remains in η (see Eq.
(40)). All the other exponents beome gauge dependent sine they are in any ase related to η
by the saling laws. However note that only at the harged FP (e⋆2 6= 0) a gauge dependene
enters the ζ-funtions. This holds in all orders of the loop expansion due to the struture of the
interation part of the Lagrangian (8).
From the renormalization of ς in Equ. (16) the ow of the gauge parameter reads
ℓ
dς
dℓ
= ςζA = ς
2n
6
e2, (41)
reahing zero at the harged FP. This means only the transverse gauge is invariant under renor-
malization.
4.2. Dynamis
The FP values for the time sale ratio an be found from the zeros of the orresponding β-
funtion
βw = w(ζΓψ − ζΓA) = e
2w
(
3− ς + ς
w
1 + w
+
n
2
(
1
3
−
1
2w
))
. (42)
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These zeros depend in one loop order on the value of the minimal oupling (harge) e at the stable
stati FP. Only for non-zero harge a spei value for the possible FP is found in this order (w
has to be positive)
w⋆ =
n− 12(3− ς) +
√
(n− 12(3− ς))2 + 24n(18 + n)
4(18 + n)
(43)
The orresponding stability exponent ωw
ωw =
∂β
∂w
= e⋆2w⋆
(
ς
(1 + w⋆)2
+
n
4w⋆2
)
(44)
turns out to be positive and thus the nite FP is stable. Another FP is the innite FP. In order
to study its stability we introdue
ρ =
w
1 + w
(45)
mapping the range of w into the interval [0, 1]. The orresponding β-funtion reads
βρ = ρ(1− ρ)e
2
(
3− ς + ςρ+
n
2
(
1
3
−
1− ρ
2ρ
))
= (1− ρ)e2
(
(3− ς)ρ+ ςρ2 + 5
n
12
ρ−
n
4
)
. (46)
The FP ρ⋆ = 1 orresponding to the innite FP w⋆−1 = 0 however is unstable with the stability
exponent ωρ = −(1 + 18/n)ε.
The dynamial ritial exponents for the OP and the GF are alulated from
zψ = 2 + ζΓψ(u
⋆, e⋆, w⋆, ς), zA = 2 + ζΓA(u
⋆, e⋆, w⋆) . (47)
Whereas an expliit gauge dependene is found in ζΓψ this is not the ase for ζΓA at least in one
loop order. It is expeted that this property holds in all orders. At the harged FP (e⋆2 = 6ε/n)
in general the exponents take the values
zψ = 2 +
18
n
ε− ς
6
n
ε
1 + w⋆
; (48)
zA = 2− ε+
3ε
2w⋆
. (49)
Sine w⋆ depends on the gauge for the nite FP, the dynamial exponent of the GF, zA, depends
on the gauge in ontradition to the physial requirement that observable quantities should be gauge
independent. Only in the ase of the innite FP a gauge independent value is possible. Then the
OP exponent would be nite
zψ = 2 +
18
n
ε, (50)
and also independent of the gauge but dierent from zA. However the innite FP is not stable in
one loop order. It should be noted that for the gauge ς = 1 the results of [ 17℄ are reprodued. It
should also be remarked that in one loop order the alulation of the eld theoreti funtions is
simpler in the transverse gauge (ς = 0) due to the observation that less graphial ontributions in
the loop expansion are nonzero [ 5℄. The gauge independene of the stati FP values for the minimal
oupling and fourth order oupling has not been proven to our knowledge. The nite FP value of
the dynamial time sale w is already gauge dependent in one loop order, as has been shown here,
leading to a gauge dependent ritial dynami exponent of the GF. This in our opinion would
hold for every order for the nite nonzero FP value w⋆. At the unharged FP both dynamial
exponents would be independent of the gauge.
8
Gauge Dependene of the Critial Dynamis at the Superonduting Transition
5. Conlusion and Outlook
We have demonstrated for the dynamial model suggested by Lannert, Vishveshwara and Fisher
[ 17℄ that the OP dynamial exponent is gauge dependent. Therefore also the exponent for the
divergene of the eletri ondutivity is gauge dependent at the stable strong saling FP where
the dynamial ritial exponents of the OP, zψ, and the GF, zA, are the same. A way out in a
higher loop order alulation is only possible when the stability of the strong saling FP is hanged
and the innite weak saling FP beomes the stable one. As one knows from other examples one
loop order alulations may not be onlusive and lead to results whih have to be taken with
are. In higher order perturbation expansion the stability of the FPs may be hanged. A two
loop alulation may larify the situation. Reent progress [ 24℄ in the nonperturbative version of
dynami renormalization theory applied to this more ompliated model would be also worthwhile.
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